A study of impact damage morphology in unidirectional carbon/epoxy laminates was performed. A "load drop" method was investigated for prediction of the delamination threshold energy (E DT ) for impact. The impacted samples were subjected to uniaxial, in-plane compression to observe the growth of damage, failure modes, and residual strength. Samples were scanned before and after CAI using air-coupled throughtransmission ultrasound and amplitude C-scans were collected for visual inspection of damage. ABSTRACT. A study of impact damage morphology in unidirectional carbon/epoxy laminates was performed. A "load drop" method was investigated for prediction of the delamination threshold energy ‫ܧ(‬ ் ) for impact. The impacted samples were subjected to uniaxial, in-plane compression to observe the growth of damage, failure modes, and residual strength. Samples were scanned before and after CAI using air-coupled through-transmission ultrasound and amplitude C-scans were collected for visual inspection of damage.
INTRODUCTION
The necessity to characterize damage within composite laminates has grown with their increased application in the aviation industry. Out-of-plane impact loads are one of the most common ways by which damage is introduced within a composite structure during usage. Low-velocity impacts of this nature occur frequently during the service and maintenance of aircraft (e.g. impacts due to dropped tools) and produce visually undetectable localized damage. The two primary damage modes in fiber composites during an impact event are micro-cracking and delamination [1] . The damage modes can be parameterized by an impact energy threshold, or the delamination threshold energy ‫ܧ(‬ ் ) [2] . Micro-cracking occurs at energies below ‫ܧ‬ ் and micro-cracking and delamination occur at energies above ‫ܧ‬ ் . Previous work in the area has shown that there is a local maximum in the load-time impact history that corresponds to the minimum applied load at which delamination occurs within the sample [3] [4] .
Compression after impact (CAI) is a standardized method used to characterize the stiffness and strength loss in a laminate due to an impact event. An impacted sample is placed under uniaxial compression in a fixture with simple supports on all four edges. Experiments have shown that catastrophic shear failure typically occurs in the form of a crack originating from the impact location and propagating laterally towards the outer edges of the sample [5] . In this paper, unidirectional carbon/epoxy samples were subjected to out-of-plane impact loads using an instrumented drop tower. The "load drop" in the load-time history was recorded over various impact energies. The usual procedure to determine ‫ܧ‬ ் is performed by impacting a sample over a series of successively increasing or decreasing energies and evaluating the local impact region for indications of delamination after each impact (e.g. using ultrasonic contact probes and collecting A-scans). If ‫ܧ‬ ் can be calculated with reasonable accuracy from a single incident energy that produces delamination, the aforementioned trial-and-error process could be eliminated thus reducing the number of samples required. Following the impact tests, the sample was placed under uniaxial compression to obtain the stiffness and strength of the impacted samples. Both the impact test and CAI were performed using ASTM standards D 7136 and D 7137 respectively. All the tested samples were scanned using air-coupled through-transmission ultrasound and their amplitude C-scans were investigated to detect the onset of delamination and other defects.
IMPACT DAMAGE

Sample and Drop-Tower Specifications
Two sets of laminates were fabricated using carbon/epoxy laminas. The first set consisted of "industry quality" samples (denoted by the prefix "N") with a quasi-isotropic stacking sequence and a laminate thickness of 3.53 mm. These samples contain a woven layer on the top and bottom surfaces (see Fig. 3 ). The second set of samples (denoted by the prefix "HM") was fabricated using IM7/8552 unidirectional prepreg, has a quasiisotropic stacking sequence of [+45/0/-45/90] 4S , and a cured laminate thickness of 4.24 mm. Both sets of samples were cut to 101.6 mm x 152.4 mm (4 in. x 6 in.) plates such that the 0 o fiber direction is along the shorter edge of the sample. An Instron Dynatup 8200 drop-tower was used to impact the samples. A hemispherical steel impactor ("tup") with a tip diameter of 15.9 mm (0.625 in.) was used. Force readings were collected during the impact from a load cell on the impactor. The overall mass of the carriage containing the tup and weights is 5.45 kg. Furthermore, a velocity detector was used to record velocity just prior to impact. The sample was placed directly on an aluminum base plate and centered with the impactor axis over a 76.2 mm x 127 mm (3 in. x 5 in.) rectangular cutout in the base plate. The sample was restrained during impact using four toggle clamps, one at each corner of the sample. The drop-tower configuration is shown in Fig. 1 . The impact energy guaranteed to produced delamination ‫ܧ(‬ ௗ ) within the sample is calculated using Eq. (1). In this equation, ‫ܥ‬ ா is the ratio of impact energy to specimen thickness equal to 6.672 J/mm (specified by ASTM standard) and ݄ is the sample thickness.
Six industry samples (N1-N6) and one home-made (HM1) sample were impacted at the energy calculated using Eq. (1). Six home-made samples (HM2-HM7) were impacted at energies above and below the calculated ‫ܧ‬ ் , as will be explained in the following section. The latter samples (HM2-HM7) were impacted by calculating the drop height required to produce the desired incident energy and adjusting the impactor carriage height accordingly. The total number of impacted samples and the chosen impact energies are shown in Table 1 .
Data Analysis and Prediction of Delamination Threshold Energy
Force readings are collected from the load cell and acceleration is calculated using Newton's 2 nd Law. Velocity ‫ݒ‬ and displacement ߜ are calculated as functions of time ‫ݐ‬ using the following equations:
where ߜ is the initial displacement, ‫ݒ‬ is the initial velocity, ݃ is the acceleration due to gravity, ‫ܨ‬ is the force at time ‫,ݐ‬ ߬ is the contact time, and ݉ is the overall mass of the impactor. The contact time ߬ is taken to be the time at which load returns to zero from maximum (i.e. ‫ܨ‬ሺ߬ሻ ൌ Ͳ) and ‫ݐ‬ ൌ Ͳ is taken to be the time of initial contact between the sample and the impactor. Energy absorbed at time ‫ݐ‬ is calculated from conservation of energy as follows: The load vs. time plot for sample HM1 impacted at approximately 28.2 J is shown in Fig.  2 . Point "A" indicates the local maximum, or the "load drop", which corresponds to the lowest load at which delamination will initiate within the sample, or ‫ܨ‬ ் . The energy absorbed at the time of the first load drop, ‫ܧ‬ ሺ‫ݐ‬ ் ሻ, is taken to be the delamination threshold energy, or ‫ܧ‬ ் . ‫ܧ‬ ் for sample HM1 was found to be approximately 5.7 J from the first load drop. Using this ‫ܧ‬ ் as reference, samples HM5-HM7 and HM2 were impacted at energies greater than this threshold energy. Samples HM3 and HM4 were impacted at approximately 5.7 J and 4.7 J (at and below the measured ‫ܧ‬ ் ), respectively. The measurements for ‫ܨ‬ ௫ (maximum impact load), ‫ܨ‬ ் , ߜ ௫ (maximum impact displacement), ߜ ் (displacement at ‫ܨ‬ ் ), and ‫ܧ‬ ் for the HM set of samples are shown in Table 2 . ‫ܨ‬ ௫ increases as impact energy increases, yet ‫ܨ‬ ் only varies approximately 4.56% over the range of impact energies. ߜ ௫ and ߜ ் display a similar trend, wherein ߜ ௫ increases as impact energy increases, but ߜ ் only varies approximately 2.43% over the range of impact energies. The variation in ‫ܧ‬ ் for the five impacts at separate energies from 6.7-28.2 J is 5.44%. Table 3 shows the same impact measurements for the N set of samples. The samples are impacted at a static incident energy of approximately 24.2 J, and so the drop height to produce this incident energy is only measured once for the entire series of impacts. Therefore, the variation between actual impact energy and nominal impact energy is minimal compared to the HM set of samples. Furthermore, the variations for ‫ܨ‬ ் , ߜ ் , and ‫ܧ‬ ் over the series of impacts for the N samples are 2.97%, 2.62%, and 5.10% respectively. The variation in ‫ܧ‬ ் for the N samples is similar to the variation in ‫ܧ‬ ் for the HM samples. The variation in actual impact energy for the N samples is approximately 0.35%, and therefore the variation in ‫ܧ‬ ் is not directly related to variation in actual impact energy (and initial velocity). The variation in ‫ܧ‬ ் may be related to the local properties of the sample itself.
COMPRESSION AFTER IMPACT (CAI) Sample and Fixture Specifications
A standardized method was used to characterize the strength and stiffness properties of the impacted samples. The CAI fixture is shown in Fig. 3(a) and consists of top and bottom halves, both of which contain slideplates that constrain the sample on all four edges. The side slideplates have knife-edges, whereas the top and bottom slide plates have flat edges. There is some localized rotational restraint at the top and bottom edges of the sample due to the geometry of the slideplates, although the sample is not considered clamped at these locations since the slideplates are fastened by hand. A constant displacement rate of approximately 0.5 mm/min. was chosen. The ramp cycle begins once the sample is pre-loaded to about 156 N. For the experiment to be successful, the sample must be placed under pure compression, and so the force-displacement curve is monitored to find indication of sample bending or buckling in the form of nonlinearity.
Two samples, N1 and HM1, were compressed to failure. Failure is characterized by a rapid lateral crack propagation originating from the impact-damaged region, as shown by the N1 sample in Fig. 3(b) . Eight samples (N2-N6 and HM2-HM4) were compressed to a strain value below failure approximately equal to 5000 İ before stopping the test.
Results
Both N1 and HM1 experienced brittle failure and both samples had similar compressive moduli, as seen from Fig. 4 . The compressive moduli and CAI strengths are shown in Table 4 . Although the compressive moduli for the two sample sets are similar, HM1 has a lower CAI strength than the "industry" quality N1 sample. The "home-made" samples that were compressed to 5000 İ had an average effective compressive modulus of 24.37 GPa with a 2.15% variation in magnitudes over three samples that were tested. Recalling that these samples (HM2-HM4) were impacted at lower energies than sample HM1 (see Table 1 ), it is seen that samples impacted at higher energies may have lower compressive moduli after impact. The "N" set of samples that were compressed to 5000 İ (N2-N6) had an average compressive modulus of 23.57 GPa with a 2.13% variation in magnitudes for the five samples that were tested.
AIR-COUPLED THROUGH-TRANSMISSION ULTRASOUND (TTU) C-SCANS Scan Setup and Results
Air-coupled TTU scans are collected for all the samples tested using CAI. Two spherically-focused 400 kHz probes are used for the scans. The samples are placed in an array of foam cutouts to prevent the edge effect from sound scattering around the outer edges of the samples.
The scans for the "N" and "HM" sets of samples can be seen in Fig. 5 and 6 respectively. The black regions towards the center of the samples are regions of low amplitude that correspond to delamination. The HM samples show a different damage morphology compared to the N samples. The N1-N6 and HM1 samples were impacted at the energy calculated using Eq. (1), yet HM1 shows a much larger damage region compared to the N set of samples. Furthermore, Fig. 5 shows an elliptical projected delamination area that is oriented in the -45 o fiber direction for all the impacted samples. This directionality is not present in the HM set of samples, as seen from the impacts for samples HM1 and HM2 in Fig. 6 . Recalling that HM3 was impacted at ‫ܧ‬ ் and HM4 was impacted 1 J below ‫ܧ‬ ் (see Table 1 ), it is also seen that there are no visible FIGURE 5. Air-coupled TTU scans of the N set of samples that were tested using CAI. FIGURE 6. Air-coupled TTU scans of the HM set of samples that were tested using CAI. delaminations in both samples. The HM2 sample that was impacted at approximately 6.7 J shows a small delamination area equal to about 20 mm in diameter. Note that the dark grey artifacts at the corners of some of the samples in Fig. 5 and 6 are due to edge effect at those locations.
The delaminated areas in both sets of samples were measured after impact and after CAI by counting the pixels and calculating area using the pixel resolution. It was found that the damage area increased after CAI but only by about 0.5%. This change is small enough to be on the order of the precision of the scan itself, therefore the damage areas have effectively stayed the same size after CAI to finite strain.
CONCLUSIONS AND FUTURE WORK
The C-scans for the HM samples show that the predicted ‫ܧ‬ ் is reasonably accurate, considering that HM2 contains delamination and HM4 does not contain any delamination. The characteristic drop in load can be identified in an impacted sample as long as the impact energy is greater than ‫ܧ‬ ் . While ‫ݐ‬ ் changes for different incident energies, ߜ ் was shown to stay almost constant over different incident energies. The same experiments may be conducted using quasi-static indentation to investigate the dependence of ‫ܨ‬ ் on impact velocity. Moreover, the impacts may be repeated using different mass and constant velocity for different impact energies.
Future experiments would benefit from the reduction in measurement error such that there is lower deviation in the actual incident energy. Furthermore, a repeatable method of scanning the sample using air-coupled TTU would reduce the amplitude variation between separate scans and therefore provide more accuracy for measuring delamination growth due to CAI. Finally, between the two sets of samples that were tested, the "industry"-quality ("N" prefix) samples showed higher CAI strength and similar stiffness compared to the "homemade"-quality ("HM" prefix) samples. The same CAI experiments may be performed using strain gages and acoustic emission methods to investigate damage growth as a function of time during the compression test.
